In strong coupling, an emitter interacts with electromagnetic field mode enabling coherent energy transfer between the two. This leads to hybridization of the energy levels of the emitter (for instance, a fluorescent molecule or a quantum dot) and the modes, and is manifested as anti-crossing of the original dispersion energies. The formation of energy gap in the dispersion of the hybrid modes is known as Rabi splitting. Plasmonic systems support modes that combine electron plasma oscillations together with electromagnetic radiative and near fields. This allows small mode volumes which is favourable for strong coupling.
Although plasmonic structures are inherently lossy, strong coupling has been reached in various plasmonic systems 1 by using high concentrations of fluorescent molecules having large oscillator strengths. Recently, strong coupling has been achieved for ever smaller amount of emitters.
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Within the lossless coupled modes model, when two modes with energies E 1 and E 2 are coupled with a coupling energy Ω, the new normal modes are shifted by the following amounts from the initial ones: ±((E 2 −E 1 )/2− (E 1 − E 2 ) 2 /4 + Ω 2 /4). This gives ±Ω/2 at resonance and approximately ±Ω 2 /(4(E 2 − E 1 )) far away from it. Thus the energy shifts can be controlled by changing Ω, or by changing the energy E 1 (or E 2 ) to tune the system in or out of resonance. While "active control of coupling" strictly speaking means active control
of Ω, in this review we have included also a few works which actively tune the resonance condition (change of E 1 or E 2 ) since it can be also viewed as a way to change the effect of the interaction on the mode energies.
Modern nanofabrication techniques allow engineering the size, shape, and material of plasmonic structures. Similarly the opportunities for designing the properties of the emitters are wide-ranging. Optimizing the structures and the positioning of the emitter to modify the coupling conditions constitutes a broad field of research. 1, [5] [6] [7] [8] [9] [10] Tailoring the structures and the emitters can be thought as passive (or static) ways to control the plasmon-exciton coupling.
For further exploration and applications of the plasmon-exciton coupling, it is of interest 3 to make it externally controllable during operation, in particular, switchable in ultrafast time-scales. In this review, we focus on active (or dynamic) ways to control coupling by external stimuli. Various types of organic materials and functional molecules have been harnessed to provide active control in plasmonics. 11, 12 We provide an overlook on the recent advances in active optical, electrical, thermal, and chemical control of strong coupling.
Optical control of plasmon-exciton strong coupling
Optical control of strong coupling in plasmonics has been established by using emitters whose optical properties can be tuned by the exciting field. Alternatively, the exciting field can be used to tune the resonance properties of the plasmonic structure.
Photoswitchable fluorophores enable all-optical controlling of optoelectronic devices. Photochromic molecules change their conformation and optical properties upon exposure to light of suitable wavelength. Majority of current applications use photochromic molecules as a part of a macroscopic optical component, such as a lense or sunglasses. In this case, a macroscopic number of molecules is used to obtain the desired functionality. However, there
exists an increasing interest to use photochromic molecules in nanotechnology where their small physical size can be utilized. In plasmonic systems, the small size of photochromic molecules allows, in principle, them to be positioned to the hotspots of the plasmonic near field. This might enable, for instance, photochromic switching of strong coupling between a single molecule and a plasmonic nanostructure.
Photoswitchable strong coupling has been demonstrated in different systems supporting confined electromagnetic modes, such as optical cavity modes and surface plasmons, 13 hybrid plasmon-waveguide modes, 14 and plasmon resonances in periodic nanoparticle arrays. 15 The capability of strong coupling, together with the reported 16 ultrafast (1 ps) switching speeds, make photochromic molecules attractive candidates for optical memories and switches as well as for high density data storage.
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Reversible switching of ultrastrong coupling between photochromic molecules and an optical cavity was demonstrated by Schwartz et al. 13 In the experiment, a cavity consisting of silver mirrors was filled with photochromic spiropyran-based molecules in a polymethyl methacrylate (PMMA) matrix. The photochromic transformation occurs between spiropyran (SP) and merocyanine (MC) forms of the molecule, see Fig. 1 . Upon exposure to light at the ultraviolet (UV) regime, the molecules convert from SP form into MC form whose absorption peak (2.2 eV) overlaps with the cavity mode resonance. As a result, a Rabi splitting of up to 700 meV was observed. The splitting accounts for 32 % of the exciton energy, confirming the ultrastrong coupling. The conversion between the two molecular forms is fully reversible by visible (green) light illumination. Here the reported time scale for photoconversion (10 min at 10 mW/cm 2 ) is likely limited by the light intensity used for the switching rather than the actual transition speed between two molecular conformations, which can be on the order of picoseconds.
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Compared to an optical cavity, a plasmonic structure offers more appealing features in terms of tunability, open access and nanoscale integration. However, plasmonic structures have high losses due to the metallic component. To compare the coupling strengths in these two systems for otherwise similar conditions, Schwartz et al. 13 studied strong coupling also between the SP-based molecules and surface plasmon modes. The system consisted of a periodic hole array made of silver and coated with a PMMA film doped with the photochromic molecules. Similarly, as with the optical cavity system, a splitting was observed in the transmission spectrum upon converting the molecules from the SP to the MC form, plasmonics to the cavity provides higher electric field enhancement and mode confinement.
Lin et al.
14 studied reversible switching of Rabi splitting in HPWMs in a system consisting of an array of Al nanodisks covered by a PMMA film containing the photochromic SP-based molecules. By alternative UV and visible light illumination, and therefore switching between the MC and SP forms of the molecules, a Rabi splitting of 572 meV was reported.
This accounts for about 25 % of the exciton energy.
The reversibility of the Rabi splitting is apparent in Fig. 3 of the sample before photoconversion ("As-prepared") shows initially a single resonance at the wavelength of 560 nm, corresponding to the periodicity of the nanodisk array (430 nm).
When the molecules are converted into the MC form by UV light illumination, the resonance dip is split into two new ones at wavelengths of 500 and 640 nm. Recovering the molecules back to the SP form by green light illumination transforms the spectrum back to the initial single-resonance shape. The corresponding anti-crossing in the energy dispersion is shown in Fig. 3(a) . The authors noted that the switchability of the SP molecules can show fatigue after performing multiple cycles of photoconversion. As an interesting follow-up to their experiments, Lin et al.
14 applied photochromic switching of the resonant wavelengths of the HPWMs to creating optically rewritable waveguides.
Photoswitchable strong coupling was demonstrated in a plasmonic nanoparticle array by Baudrion et al. 15 In the experiment, a silver nanoparticle array embedded in a spiropyrandoped PMMA film was illuminated by UV light, which yield to Rabi splitting of 294 meV between the (near-field) plasmon resonance modes and the molecules. The smaller relative Rabi splitting (13 % of the exciton energy) compared to the experiments of Schwartz et on periodic gratings on Al film 18 and plasmon resonances in (disordered) arrays of gold nanospheres, 19 nanorods, 20 and nanodisks. 21 The switchability of photochromic molecules can be also utilized in controlling lasing. Photochromic effect has been applied to all-optical tuning 22 and switching 23 of lasing in photonic crystals.
Photoswitchable fluorophores are one example of materials harnessed for all-optical control of coupling in plasmonics. Other organic and inorganic materials that have been used include, for example, J-aggregates, functional polymers, and semiconductor monolayers.
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J-aggregates are a type of organic dye molecules that undergo red-shifting and spectral narrowing of absorption spectrum when concentration exceeds a certain limit. The mechanism is explained by the collective response of molecular domains that are formed when tens of molecules couple optically.
24,25
All-optical control is not always targeted to changing the properties of the emitters, but rather manipulating the electric field and resonances of the plasmonic structure, which then affects the coupling strength. Wavelength is just one of the numerous variables of the exciting field that can be tuned when pursuing all-optical control. Other reported approaches include, for instance, changing the polarization, pump fluence, and incident angle.
Polarization-controlled strong coupling between J-aggregates and localized surface plasmon resonance (LSPR) modes in single dimers was demonstrated by Schlather et al. Polarization can be used also in the opposite way than for controlling the strong coupling. Namely, the polarization of observed photoluminescence has been used as a measure of the contribution of the exciton part in strongly coupled modes between SPPs and dye molecules.
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Pump-controlled strong coupling between SPPs on a gold nanoslit array and cyanine J-aggregates layered on top of the array was demonstrated by Vasa et al. 25 A 55 meV splitting was reversibly switched on and off in sub-picosecond timescale by modulating the pump fluence. The system was excited by ultrashort (80 fs) pulses, followed by a similar but lower intensity probe pulse. The off-resonant pump induces saturation effects in the exciton absorption, which effectively reduces the total oscillator strength. Different incident angles were used for tuning the SPPs on the array to achieve optimal overlap of the SPP resonance and the J-aggregate exciton energy (1.78 eV). The experiment was conducted under vacuum at temperature of 77 K to minimize photobleaching of the cyanine dye. The value of the observed Rabi splitting was relatively small (3 % of the exciton energy) compared to previously reported strong coupling experiments with J-aggregates. This was attributed to thinner dye film (50 nm) and narrower slit grating (45 nm slit width, 380-430 nm period) chosen to increase the polariton lifetimes.
for excitation. To avoid photobleaching the experiments were conducted under vacuum, but at room temperature.
Monolayers of transition metal dichalcogenides (TMDCs) are semiconductor atomic layers with tunable optical properties. TMDCs are promising candidates for actively controlled plasmonic devices due to electronic structure with a direct bandgap and tightly bound excitons. 30 For example, molybdenum disulfide (MoS 2 ) monolayer has been combined with a plasmonic structure to enable enhanced photoluminescence 31 and strong coupling. 32 Also all-optical control of the coupling has been demonstrated in such hybrid system. shifting of the absorption and emission spectra of the monolayer. In addition, the overall absorption intensity was found to decrease upon increasing either the pump power or the nanoparticle concentration.
The work Li et al. 34 was extended by Zu et al. 33 to control the coupling. The features of the MoS 2 monolayer were deployed for controlling the coupling between the monolayer and a silver nanodisk array. The dielectric permittivity of the monolayer was changed by generating excitons. Due to the change in the dielectric environment, the exciton absorption peak red-shifted with respect to the surface plasmon resonance when the power of the exciting field was increased, see Fig. 7 . Again, also the overall intensity of absorption decreased by increasing pump power, which is interpreted as enhanced plasmon -exciton coupling. The excitons generated in the monolayer increase the total oscillator strength. As an additional experiment, Zu et al. showed that using silver nanorods instead of symmetric disks allowed 13 switching between weak and strong coupling by simply changing the polarization of the exciting field. The experiments were conducted at room temperature and in the visible wavelength regime. Other ways to all-optical control of coupling include, for example, varying the phase of the exciting field. Sukharev et al. 35 proposed using phase-modulated (chirped) laser pulses to control which exciton transitions are allowed in strongly coupled hybrid modes between SPPs and quantum emitters. Demetriadou et al. 36 showed by simulations that a metal nanorod dimer exhibits even (bright) and odd (dark) modes that can be selectively excited by utilizing the parity symmetry of the structure, for instance by illuminating the structure from two sides with light fields of either zero or π phase difference. The even and odd modes were found to have equal coupling to a molecular layer, but due to their different damping rates, the Rabi splittings were different. The phase of the incident light could therefore be used to control the Rabi splitting.
Electrical control of plasmon-exciton strong coupling
Electrical control of the plasmon-exciton coupling can be achieved by combining a plasmonic structure with a material whose optical or conductivity properties can be tuned by electricity.
Such materials include, for instance, semiconductor (TMDC) monolayers, liquid crystals, and graphene.
Applying voltage to a monolayer has recently gained wide interest in the research on electrical control of plasmon-exciton coupling. [37] [38] [39] [40] [41] The method is based on controlling the density of excitons in a monolayer by electrostatic doping.
Reversible electrical switching of strong coupling between a MoS 2 monolayer and surface lattice resonances on a silver nanodisk array was demonstrated by Lee et al. 38 The monolayer and the nanodisk array were fabricated in a field-effect transistor (FET) configuration which allows for injecting or ejecting charge carriers to the monolayer by applying voltage to the electrical contacts. Schematic of the system is presented in Fig. 8 
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In the previous section, we described the study of Wen et al., 41 where a WS 2 monolayer was used to control strong coupling electrically. In the same study, also temperature scanning was used to control strong coupling between the WS 2 monolayer and a single gold nanorod.
The WS 2 exciton is spectrally sensitive to the temperature variation. The photoluminescence spectrum of WS 2 showed red shift of around 0.5 meV/K when heated, whereas the gold nanorod remained spectrally unaltered upon changing the temperature, see of refractive index has been used to switch the plasmon resonances in, for instance, gold thin film accompanied by VO 2 nanocrystals, 54 Ag-VO 2 bilayers, 55 and gold nanorods on VO 2 thin film. 56 Note that in the metal phase the VO 2 supports surface plasmon resonances itself.
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The phase transition occurs at critical temperature around 340 K. The phase transition in VO 2 can be induced also optically 58, 59 or by mechanical strain.
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Chemical control of plasmon-exciton strong coupling
Coupling between a plasmonic structure and excitons can be modified by changing the chemical composition of the system, which modifies the optical environment. Chemical control can be targeted to altering the properties of either the emitters 62 or the plasmonic structure. 63 Berrier et al. 62 used nitrogen dioxide (NO 2 ) gas flow to control strong coupling between organic dye molecules (porphyrin) and surface plasmon polaritons (SPPs) on gold thin film.
Exposure to nitrogen dioxide (NO 2 ) gas modifies the total oscillator strength of the porphyrin layer and generates exciton resonance (1.77 eV). The oscillator strength affects directly the strength of coupling between the porphyrin and the SPPs, therefore a crossover from weak to strong coupling was seen by increasing the gas concentration, see Fig. 10 . Splitting of the polariton modes was observed two minutes after starting the gas flow, and the highest observed Rabi splitting was 130 meV (7 % of the exciton energy) with the range of gas concentrations used. The process could be reversed by heating the sample under nitrogen atmosphere.
Tungsten diselenide (WSe 2 ) monolayer is another TMDC material which has been shown to provide high photoluminescence enhancement when accompanied with a plasmonic structure. 64 Zheng et al. 63 studied strong coupling between a WSe 2 monolayer and an individual silver nanorod residing on top of the monolayer. In the experiment, the LSPR of the silver nanorod was modified by depositing a dielectric (aluminium oxide) layer on top of the sample. As a transparent dielectric, aluminium oxide does not affect the WSe 2 exciton energy, but causes a dielectric screening effect on the plasmonic structure. Typically this is seen as a red shift of the surface plasmon resonance, and the magnitude of the shift depends on the layer thickness. Note, however, that increasing oxide thickness can also cause a blue shift of the plasmon resonance, as was observed in a system consisting of a gold nanoparticle on oxidized Al substrate. 65 Continuing the layer deposition until the LSPR overlapped spectrally with the WSe 2 exciton yielded to Rabi splitting of 49.5 meV (3 % of the exciton Whereas harnessing thermal and chemical reactions for controlling plasmon-exciton coupling may lead to unprecedented applications, optical and electrical control provide currently the most promising solutions for ultrafast plasmonic switches and optoelectronic devices.
